acquiring the capacity to promote cell-mediated immunity. However, separate evaluations of the maturation profiles of infected and uninfected bystander cells show that infection impairs the ability of DCs to upregulate cell surface expression of costimulatory, maturation, and major histocompatibility complex molecules, resulting in reduced T-cell stimulatory capacity. Infected DCs failed to respond to tumor necrosis factor alpha as an additional maturation stimulus and were apoptotic. Interleukin 10 (IL-10) was detected in supernatants from cultures of DV-infected DCs and cocultures of DCs and T cells. Taken together, these results constitute an immune evasion strategy used by DV that directly impairs antigen-presenting cell function by maturation blockade and induction of apoptosis.
Dengue virus (DV) infection causes substantial morbidity and mortality in the tropics and subtropics (25, 32, 35) , but at this time, there are no licensed, safe, and effective vaccines against DV. Data from several laboratories suggest that human dendritic cells (DCs) and Langerhans cells are the early, primary targets of DV in natural infections (13, 19, 21, 42) . These studies show that DCs become activated upon exposure to live virus and express phenotypic changes characterized by enhanced cell surface expression of costimulatory molecules, major histocompatibility complex (MHC) class I and II molecules, and the maturation marker, CD83 (17) . However, further examination of these data reveal heterogeneities in the expression of cell surface molecules on DCs exposed to DV (19) , suggesting that only a fraction of DV-exposed cells become activated in response to infection. Data from Wu et al. (42) and Libraty et al. (19) support the viewpoint that the activation of DV-infected DCs is weaker than the activation of surrounding uninfected DCs; however, this issue has not been fully investigated.
An emerging characteristic of acute DV infection is diminished T-cell proliferative responses to mitogen and DV antigens (2, 22) resulting from defective antigen-presenting cells (22) . Studies have also shown high levels of interleukin 10 (IL-10) circulating in the plasma of DV-infected individuals (2, 3, 9, 18) that could account for the reduced T-cell proliferation observed during acute viral infection. In addition to its suppressive effects on proliferation, elevated levels of IL-10 impair inflammatory immune responses by downregulating the synthesis of a wide range of inflammatory cytokines, including IL-12, and promoting the release of cytokine inhibitors (4, 24, 27, 30) . The primary cellular source of IL-10 during DV infection is yet to be demonstrated, and at this time, it is unknown whether DV-infected DCs participate in the immunosuppressive process. Given the pivotal role that DCs play in the initiation of immune responses and modulation of DC function by many viruses (6, 8, 10, 12, 36) , it is conceivable that DV also displays mechanisms to inhibit DC activation. In the present study, we show that after DV exposure, infected DCs undergo apoptosis, express a less mature phenotype than that of the surrounding, uninfected DCs, produce IL-10, and have reduced T-cell stimulatory capacity, suggesting a mechanism for previously observed clinical findings.
MATERIALS AND METHODS

Media and reagents.
Complete RPMI medium consisted of RPMI 1640 medium, 1% L-glutamine, 1% penicillin and streptomycin, 1% sodium pyruvate, 1% essential amino acids, 50 mM 2-mercaptoethanol, and 10% heat-inactivated fetal calf serum (all from GIBCO BRL, Gaithersburg, Md.). Recombinant human cytokines, specifically, recombinant human granulocyte-macrophage colonystimulating factor (rhGM-CSF) (100 ng/ml) (Leukine; Immunex, Seattle, Wash.) and recombinant human IL-4 (rhIL-4) (50 ng/ml) (R&D Systems, Minneapolis, Minn.), were added to the medium.
Virus preparation. DV type 2 (DV-2) (strain 16803) was grown and propagated in Mycoplasma-free Vero cell lines. The viral titer was 3 ϫ 10 8 PFU/ml, as determined by limiting dilution plaque assays on Vero cells. The presence of contaminating lipopolysaccharide in the virus stock and culture supernatants was evaluated by the Limulus Amebocyte Lysate test (BioWhittaker, Inc., Walkersville, Md.). Mycoplasma contamination of the virus stocks and culture supernatants was evaluated by the Mycoplasma Rapid Detection System (Gen-Probe, San Diego, Calif.). All virus stocks and culture supernatants utilized in the present study were free from lipopolysaccharide and mycoplasma. Formalininactivated DV-2 (S16803; purified inactivated virus [PIV] Biotech, Inc., Auburn, Calif.). Typically, the purity of monocytes isolated by this procedure was Ն95%. Enriched CD14 ϩ cells were cultured for 6 days in six-well plates in complete RPMI medium (10 6 cells/ml) in the presence of rhGM-CSF and rhIL-4 at 37°C, 5% CO 2 , and 95% relative humidity. On day 3, half of the medium was replaced with fresh medium supplemented with cytokines. The majority of the gated DC population (Ͼ95%) was CD11c ϩ and CD1a ϩ ; Ͻ1% of the cells expressed CD14.
Infection of DCs with DV. Unless stated otherwise, DCs were infected with DV-2 at a multiplicity of infection (MOI) of 1 for 2.5 h at 37°C and 5% CO 2 . Cells were washed twice to remove cell-free virus and cultured in complete RPMI medium (without cytokines) at a density of 10 6 cells/ml in 24-well plates. Cells were analyzed after 48 h unless stated otherwise. Control experiments included mock-infected DCs and DCs infected with PIV at the same MOI as that used for the wild-type virus.
MAbs for surface and intracellular staining. For detection of surface markers, infected and uninfected (bystander) DCs were stained with the following phycoerythrin (PE)-conjugated monoclonal antibodies (MAbs) according to the manufacturer's recommendations (Pharmingen, San Diego, Calif.): CD40 (5C3), CD80 (L307.4), CD83 (HB15e), CD86 (IT2.2), HLA-A,B,C (G46-2.6), and HLA-DR (G46-6). Isotype-matched PE-labeled controls (Pharmingen) were included in each experiment.
Intracellular detection of virus. Surface-labeled DCs were fixed and permeabilized with Cytofix and CytoPerm (Pharmingen) according to the manufacturer's recommendations. The cells were then stained for intracellular expression of viral envelope protein using a fluorescein isothiocyanate (FITC)-labeled MAb, 2H2. This allowed gating of 2H2-positive and -negative cells. The samples were analyzed on a FACScan instrument (Becton Dickinson, Mountain View, Calif.) using Cell Quest software.
Cytometric analyses of apoptotic cells. The viability of DV-infected DCs was compared to mock-infected DCs at 24 and 48 h. Cells were stained with propidium iodide (PI)-and -conjugated annexin V using the Annexin-V FITC apoptosis detection kit I (Becton Dickinson) according to the manufacturer's recommendations. For intracellular detection of active caspase 3, DCs were fixed and permeabilized with Cytofix and CytoPerm (Pharmingen) and then stained with PE-conjugated polyclonal anti-caspase 3 antibody (Pharmingen). The samples were analyzed on a FACScan instrument using Cell Quest software.
Magnetic isolation of annexin-positive and -negative cells was performed using the apoptotic cell isolation kit (Miltenyi Biotech). Briefly, DCs were labeled with annexin V coupled to magnetic beads. The suspension of cells and beads was loaded onto a MACS column, and both positive and negative fractions were collected. Both populations were stained with MAb 2H2 to evaluate the proportion of infected (2H2-positive) cells in each fraction.
Cytokine production in culture supernatants. Gamma interferon (IFN-␣) was measured by an enzyme-linked immunosorbent assay (ELISA) performed according to the manufacturer's recommendations (PBL Biomedical Labs, Piscataway, N.J.). Samples were read on a SpectraMax 340 plate reader (Molecular Devices Corp., Sunnyvale, Calif.). All other cytokines were quantified by an inflammatory response cytometric bead array assay on a FACScan instrument using Cell Quest software (Becton Dickinson).
T-lymphocyte stimulation. DCs were exposed for 24 h to live or PIV DV-2 at MOIs of 0.1 to 3.0 or to 1 g of Staphylococcus aureus (Calbiochem, San Diego, Calif.) per ml. CD3 ϩ T cells were positively selected from the peripheral blood mononuclear cells of adult donors using CD3 ϩ microbeads (Miltenyi Biotech) and cocultured with DCs exposed to different agents in four replicate samples in complete RPMI medium for 5 days at stimulator/responder ratios of 1:10 and 1:100. Proliferation was measured by adding 0.5 Ci of [ 3 H]thymidine per well for the last 18 h of culture. Plates were read on a 1450 Microbeta liquid scintillation and luminescence counter (Perkin-Elmer Life Sciences, Inc., Boston, Mass.).
RESULTS
Expression of cell surface molecules is downregulated on DV-infected, but not bystander, DCs. Previous studies described cell surface expression of costimulatory and other molecules on DV-exposed DCs regardless of their infectivity status (13, 19) . By segregating DV-infected DCs from uninfected, bystander DCs using the 2H2 MAb, we found that bystander, but not DV-infected, DCs upregulated the cell surface expres- sion of costimulatory, MHC, and activation molecules on their cell surfaces (Fig. 1) , demonstrating different phenotypic outcomes related to infectivity status.
DC maturation can be further regulated by other stimuli, including tumor necrosis factor alpha (TNF-␣). In subsequent experiments, DV-infected DCs and bystander cells were exposed to TNF-␣ and assessed for upregulation of costimulatory molecules CD80 and CD86 (Fig. 2) . Exposure of mock-infected or bystander DCs to TNF-␣ resulted in increased cell surface expression of CD80 with less pronounced enhancement of CD86. In contrast, on DV-infected DCs, the levels of both molecules remained relatively unchanged after exposure to TNF-␣, suggesting that the ability to upregulate these markers was impaired in DV-infected DCs.
Infection with DV induces apoptosis of infected DCs. We speculated that similar to DV infection of endothelial cells (1), infection of DCs might induce apoptosis, contributing to the failure of the cells to upregulate surface molecules. In initial experiments, cells exposed to DV were stained with annexin V and PI to detect viable, early and late apoptotic cells. Since exposure of DCs to increasing MOIs was associated with increased infection levels (Fig. 3) , apoptosis was evaluated in cultures infected with DV at increasing MOIs. At a low MOI (MOI of 1.0), we observed similar levels of apoptosis in DVand mock-infected cultures (Fig. 4A) . However, an increase in the numbers of apoptotic cells was observed at 48 h postinfection in cultures infected at a higher MOI (MOI of 5.0) (Fig.  4A) . Since DC infection levels increased with increasing MOIs (Fig. 3) , virus burden might be an important trigger for apoptosis. Further confirmation of apoptosis in cultures infected with DV at a high MOI was obtained from intracellular staining experiments showing significantly higher levels of caspase 3, an intracellular cysteine protease activated during the early stages of apoptosis (Fig. 4B) .
To directly evaluate the proportion of infected (2H2-positive) DCs undergoing apoptosis, infected DC cultures were sorted into annexin V-positive and -negative fractions by magnetic selection and then stained with 2H2 MAb. Morphological alterations that occurred after fixation or permeabilization permitted clear delineation of only the 2H2-positive population (Fig. 4C) . The data show an increase in the number of infected (2H2-positive) DCs in the annexin-positive fraction (39 to 45.8%) and a concurrent decline in the annexin-negative fraction in cultures 48 h after infection (25 to 11.6%) (Fig. 4C) . These results support the possibility that infected DCs constitute the bulk of the apoptotic cells in DV-infected cultures.
DV-infected DCs show impaired stimulation of allogeneic T cells.
Reduced expression of costimulatory and maturation markers on infected DCs might compromise their ability to stimulate T cells. To investigate this possibility, we cocultured DV-infected cultures with allogeneic T cells and assessed Tcell proliferation by [ 3 H]thymidine incorporation. The data show reduced T-cell stimulatory capabilities of DV-infected DC cultures (Fig. 5) . However, T-cell responses were not entirely suppressed, raising the possibility of involvement of activated bystander DCs that were also present in infected cultures. In these cultures, infectivity levels increased at high MOIs (Fig. 3) . Although these studies did not distinguish bystander DCs from DV-infected DCs, the detection of decreased proliferation with increasing MOI in a closed culture system suggests that the degree of stimulation achieved was partially dependent on the availability of bystander cells for T-cell activation. The nonlinearity of proliferation responses at high MOIs (Fig. 5) suggest that additional factors, including secreted cytokines, might also influence the T-cell stimulatory capacities of the DCs in these cultures. (13, 19) , we detected large amounts of TNF-␣ and IFN-␣ and minimal amounts of IL-12p70 in DC-infected cultures compared to uninfected control cultures (Fig. 6) . Peak production of TNF-␣ and IFN-␣ occurred at 48 h, a time period that coincided with maximum expression of surface molecules on bystander cells (Fig. 6) .
DV induces TNF-␣, IFN-␣, and IL-10 from DCs, with enhancement of IL-10 in cocultures with T cells. Similar to other investigators
Levels of IL-10 were also increased in DV-infected cultures than in uninfected control cultures; however, cultures infected at the same MOI produced variable amounts of this cytokine (range 35 to Ͼ300 pg/ml [ Fig. 6] ). Peak production of IL-10 occurred at 48 h (Fig. 6 ) and subsided thereafter to minimal levels in cells cultured for 5 days (Fig. 7) . Peak levels of IL-10 coincided with peak production of both TNF-␣ and IFN-␣, raising the possibility that after the initial DC-DV encounter, the production of IL-10 may mitigate DC activation or maturation by TNF-␣ and IFN-␣ or may suppress the overstimulation of the immune response by proinflammatory cytokines (4, 5, 24) . It is also likely that elevation of IL-10 levels in DC-T-cell cocultures might have contributed to the suppressed alloresponses detected in these cultures. Therefore, we measured levels of this cytokine in supernatants collected from cocultures of DCs and alloreactive T cells. We detected significant increases in IL-10 levels in cells cultured for 5 days, indicating that IL-10 is a prominent cytokine produced after DC-T-cell interaction during DV infection (Fig. 7) .
DISCUSSION
DCs are the main initiators of immune responses in naïve persons (7, 23) , but their ability to fulfill this function could be compromised when they become targets of invading pathogens (6, 8, 10, 12, 36) . To date, this phenomenon has not been fully described for DCs infected with DV. Although previous stud- ies investigated the outcome of DV infection of DCs, they did not specifically distinguish infected DCs from bystander cells after exposure to DV or address the issue of T-cell activation (13, 19) . By evaluating phenotypic changes in these two populations in the present study, we found that DV infection induces apoptosis of infected DCs and impairs their ability to upregulate cell surface costimulatory, maturation, and MHC molecules.
In contrast to DV-infected DCs, bystander DCs upregulated their expression of cell surface costimulatory and other molecules. Their activation was likely induced by TNF-␣ and IFN-␣ secreted by DV-infected DCs. DC activation by TNF-␣ alone or in synergy with IFN-␣ has been described in canarypox (14) and adenovirus (31) infections and under various culture conditions (20, 34) . TNF-␣ mediates its effects via NF-B, resulting in the regulation of many genes involved in immune and inflammatory responses. One outcome is increased expression of cell surface costimulatory and activation molecules on DCs and enhancement of their antigen-presenting capacities (20, 
31
). In our studies, exposure to exogenous TNF-␣ induced upregulation of CD80 and CD86 but only on bystander cells. DV-infected DCs failed to upregulate these molecules, suggesting an impairment in their ability to respond to a maturation stimulus.
Recent studies show that IFN-␣ alone also stimulates DC maturation (20, 26, 35, 37) , and many viruses have evolved strategies to avoid this effect (29) . DV encodes three viral proteins that inhibit IFN-␣/␤ signaling in infected cells (28) , presumably blocking their ability to initiate IFN-␣/␤-mediated maturational events, including the upregulation of MHC and costimulatory molecules (20, 26) . Thus, the ability of infected cells to become activated is impaired, but the cells are still able to induce the maturation of neighboring, uninfected cells through their production of IFN-␣.
We detected increased apoptosis of DV-infected DCs that might also serve as maturation stimuli for the bystander cells. Bystander DC maturation resulting from engulfment of infected DCs has been described for a number of pathogens, including canarypox (14) , measles (38) , human immunodeficiency virus (HIV) (16) , and salmonella (40) . The apoptotic bodies might also serve as sources of antigen and provide a reservoir of antigens that could be presented by bystander DCs as demonstrated in HIV, salmonella, and toxoplasma infections (16, 40, 41) . The cross-presentation of antigens by these cells may provide an alternative route for initiating immune responses in the absence of functional DV-infected DCs (11) .
Clinical data show that antigen-presenting cells in patients suffering from acute DV infections are unable to stimulate T-cell responses to mitogens and DV antigens (22) . Although the cell type mediating this suppression was not identified in this study, the central roles played by DCs both as major replication targets of DV and as initiators of immunity make them obvious targets for immune evasion by the virus. Our in vitro data suggest that the suppression induced by DV infection reduced the ability of DCs to fully stimulate T cells in a mixed-lymphocyte reaction. The reduction in T-cell stimulation was most pronounced in cultures exposed to high MOIs with increased numbers of infected DCs. This finding suggests a requirement for mature bystander DCs for stimulation and further demonstrates a potential role for these cells in eliciting immune responses against DV. DCs mature from a processing to presenting stage promoted by interaction with pathogens. Factors that inhibit the maturation of antigen-presenting cells include IL-10; IL-10 levels are enhanced in patients with dengue fever (2, 3, 9) . In our studies, IL-10 was detected after exposing DCs to DV. IL-10 plays a role in immune suppression and can be inhibitory in a variety of ways: the secretion of IL-10 downregulates the expression of costimulatory, MHC, and other cell surface molecules, resulting in depressed antigen presentation and suppressed immune responses (5, 24, 27, 30, 39) . IL-10 also has counterregulatory properties to a number of proinflammatory cytokines, including IL-12 (4, 15, 28) . In mice and humans, IL-10 can induce antigen-specific anergy in CD4 ϩ T cells (27, 39) , and the detection of enhanced IL-10 levels in cocultures of DV-exposed DCs and T cells raises the possibility that secretion of this cytokine during DV infection could suppress immune responses against the virus.
Our findings provide evidence of a strategy utilized by DV to evade immune recognition and could link in vitro observations to clinical findings described in earlier studies (2, 3, 9, 17, 22 ). 
